Crystals of 4-methoxyazobenzene move on water surface and the motion is triggered by irradiation with ultraviolet light. The propulsion is produced by dissolution of the photo-generated cis isomer, which is produced by the photoinduced crystal-liquid phase transition. A photoresponsive boat was also prepared by a filter paper adsorbed with azobenzene.
Artificial self-propelled systems have attracted significant attention recently. [1] [2] [3] [4] [5] [6] [7] [8] Molecular-sized to centimetre-sized objects have been investigated by using various sources of energy such as chemical energy, thermal gradient, electric field, electromagnetic field, and light energy. Typically, objects floating on a liquid/air interface is a key working environment for creating motion. For example, a camphor boat is a wellknown self-propelled system in which dissolution of camphor molecules from the solid attached to the boat generates spontaneous motion of the boat on the water surface. [9] [10] [11] Since the dissolution occurs isotropically, the direction of the motion depends on both the shape of the boat and the water channel. 10, 11 Once a camphor boat is placed on the water surface, it automatically starts moving on the liquid surface. Intrinsically it is difficult to trigger the action and to control the motion of the boat. External stimuli such as light is expected to be a powerful tool and energy source for triggering the motion and controlling the direction of the self-propelling system. [12] [13] [14] [15] In particular, azobenzene has been used to generate motion in various systems. [16] [17] [18] [19] [20] [21] [22] [23] [24] For example, it has been reported that a droplet of liquid on a solid surface modified by azobenzene moves upon irradiation with an intensity gradient. [16] [17] [18] The flow of a glassy solid of azobenzene derivative has been reported on irradiation with a p-polarized laser. 23, 24 With regard to the molecular crystal of azobenzene, the motion of azobenzene crystals in a trimethylolpropane triacrylate solution during crystallization 25 has been reported.
We are interested in photochemically-induced phase transitions between solid and liquid phases in photochromic organic compounds such as macrocyclic, [26] [27] [28] rod-shaped azobenzene derivatives, 29 and a spyropiran derivative. 30 In the course of our study of such phase transitions, we previously found the phenomenon of continuous crawling of crystals of azobenzene derivatives (azobenzene and 3,3′-dimethylazobenzene) on a glass surface. 31 This motion is produced by irradiating UV and visible light simultaneously from different directions. It is presumed that the motion is driven by crystallization and melting at the front and rear edges of the crystal, respectively, via photochemical conversion between the crystal and liquid phases induced by the isomerization of azobenzenes. This finding inspired us that this kind of phase transition possibly produces motion of objects in other media such as in a liquid. However, as yet, photo-induced motion of azobenzene crystals on a water surface is unknown.
Here we report that crystals of a simple azobenzene, 4-methoxyazobenzene (MeOAB, Scheme 1) (m.p. of trans and cis isomers are 53-54°C and 25°C (ref. 32), respectively), move on a water-air interface. The motion is triggered by irradiation with UV light and the direction of the motion can be controlled by the orientation of the light source as illustrated in Fig. 1 . In addition, a filter paper containing the azobenzene (photoresponsive boat) moved upon photoirradiation. The maximum velocity of the boat was ca. 5 cm s −1 . The motion is slowed down by irradiation of visible light, which induces cis-to-trans isomerization. The phenomena is elucidated by the phase transition photoinduced crystal-liquid phase transition and dissolution of the cis-isomer into water. We carried out the experiments using a Petri dish with a diameter of 65 mm filled with water ‡ (10 mm depth). When crystals of MeOAB (originally the trans isomer) were placed on a water surface irradiated with 365 nm LED, they started moving on the surface as shown in Fig. 1d -f and ESI † Movie 1. It should be noted that the crystals do not move without UV light irradiation but the irradiation triggers the movement. Crystals moved away from the light source. Interestingly, the motion continued for a few minutes after ceasing the irradiation. This observation indicates that the motion is not caused by the heating effect. In addition, as can be seen in Fig. 1a and b, the photoirradiation to the crystal caused a crystal-liquid phase transition in concurrence with a colour change from yellow to orange. Similar crystal-liquid phase transitions have been reported in several azobenzene derivatives and it is caused by a trans-to-cis photoisomerization of azobenzene. [26] [27] [28] [29] 31, 33 These facts indicate that the observed motion is induced by the photochemically generated product, i.e. the cis isomer. We observed various types of motion such as spinning, splitting, winding motions as well as a linear movement (ESI † Movie 1). The velocity and the type of crystal motion seemed to depend on the original shape, irradiated portion and period. It was difficult to control the irradiation tracking the motion of the crystal, so the velocity was varied over individual experiments. As shown in Fig. 1d-f , polycrystalline powder of MeOAB exhibited a linear-like movement with a velocity of up to ca. 1 cm s −1 when irradiated with UV light at an intensity of 100 mW cm −2 .
In addition, the cis-isomer of MeOAB exhibited higher solubility compared to its trans-isomer. The crystals of trans-MeOAB were hardly soluble in water. When crystals of trans-MeOAB were suspended in water and exposed to 365 nm light with stirring, the colour of the water changed from colourless to yellow (Fig. S1 and S2 †) . This observation is reasonable because the dipole moment of the cis isomer is generally higher than that of the initial trans isomer. 34 The increase in the polarity may enhance the solubility in water. Thus we propose that the observed motion is caused by the light-induced crystal-liquid phase transition and the subsequent dissolution of the liquefied cis isomer. The light irradiation causes liquefaction of the crystal only on the irradiated portion of the crystal. Thus, anisotropic dissolution of the crystal occurs causing a concentration gradient which may lead to the propulsion. Inspired by the motion of the camphor boat on water surface, [9] [10] [11] we made an "azobenzene boat" whose motion is triggered by light. The boat was made by soaking MeOAB into a piece of filter paper. Initially, MeOAB was dissolved in ethanol and a piece of filter paper was dipped in the solution. Then the paper was removed from the solution and dried under vacuum for 1 h. The boat was placed on a water surface and irradiated with UV light. The detail of the preparation of the boat is shown in the ESI. † When the boat was placed on a water surface, motion was not observed. The boat started moving on the water surface when it was irradiated by UV light (Fig. 2 and ESI † Movie 2). It is noteworthy that the motion is directional when the boat was exposed partially to the aft of the boat. In this case the velocity was about 1 cm s −1 . Acceleration can be achieved by continuous irradiation of the boat. In addition, we were able to spin the boat when the light spot was positioned on an edge of the boat (ESI † Movie 3). Here the propulsion is caused by dissolution of the photo-generated cis isomer. Actually, the colour of the water became yellowish orange after vigorous irradiation experiments. However, we observed motion and we did not observe deterioration in the photoresponse for 10 minutes which is a period of time typical for our experiments.
To find a condition for the motion of the boat, the effects of the concentration of the solution as well as the light intensity were investigated. Since it was difficult to precisely irradiate a boat moving on a water surface, the irradiation was carried out before placing the boat on water. A triangle-shaped boat prepared as described above and ESI † was put on a lab bench and exposed partially to the aft of the boat for 1 minute. Then the boat was placed on a water surface and the motion was recorded. A typical experiment is shown in the ESI † Video 4. Fig. 3 shows the light-intensity dependence of the motion of the boat. The velocity seems to be proportional to the light intensity up to 100 mW cm −2 , and it is saturated around this point, indicating that conversion to the cis isomer is complete. A velocity of 3-4 cm s −1 can be achieved.
On the other hand, the effect of the concentration of MeOAZ was investigated. The concentration was varied from 0-100 mg ml −1 for the ethanolic solution used for dipping the filter paper. The boat containing different amounts of MeOAZ was irradiated before placing on a water surface. The boat was then placed on a water surface and the motion was recorded. The result is shown in Fig. S4 . † It shows that a concentration of 20 mg ml −1 is the lower threshold for motion.
Also, the velocity is saturated at around 80 mg ml −1 .
In the above experiments, the motion of the crystals or the boat continued even after the UV irradiation ceased. So we attempted to decelerate the moving boat. A pre-irradiated boat was placed on a water surface exhibiting motion. Then the moving boat was exposed to a visible light (450 nm, 50 mW cm −2 ) and the noticeable deceleration was observed ( 
Conclusions
We demonstrated a photoinduced motion of crystals of a simple azobenzene (4-methoxyazobenzene) on a water surface. The motion is triggered by irradiation with ultraviolet light. The direction of motion can be controlled by the orientation of the light. Inspired by the camphor boat, a photoresponsive boat was prepared by soaking filter paper with the azobenzene. The maximum velocity of the boat was ca. 5 cm s −1 , while the irradiation of the visible light slowed the motion. The propulsion is produced by dissolution of the photogenerated cis isomer, which is produced by the photoinduced crystal-liquid phase transition. The photoinduced solid-liquid phase transition via photochromic reaction can produce intriguing phenomena such as the motion of objects. The fuel of the boat is stored in an inert state (solid state) and light can activate/deactivate the fuel.
Notes and references ‡ We used three different types of water: ultrapure water (Milli-Q water), water purified by a reverse osmosis membrane (RO water), and tap water (Tsukuba, Japan). However, there is no dependence of the quality of water on the motion. In experiments shown here, we used RO water. Fig. 3 Velocity of the filter paper containing MeOAZ previously irradiated with UV light. Velocity was determined based on displacement in the initial 5 seconds. The concentration of the ethanol solution was 50 mg ml −1 . Measurements were carried out three times. boat was previously irradiated with UV light before placing on the water surface. Velocity was determined based on the displacement every second.
